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ABSTRACT 

The r epor t  descr ibes  a suitable means by which a magnetometer 
or  s imilar  instrument may be  protruded f r o m  a c a r r i e r  -vehicle 
in spaceflight.  The proposed system resulted f r o m a  design study 
of an existing principle; namely, a storage drum and guidance de-  
vice that pays out a heat-treated metal  s t r ip  which then assumes  
tubular configuration. Tape-type conduits a r e  shown to be the most  
satisfactory fo rm of internally located cable pack. A novel tech- 
nique is adopted to provide the electrical  link betureen the station- 
a r y  and moving components. An interesting feature of the design 
appears in the verylow power output required to drive the mech-  
an ism.  
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GENERAL 

1 .1  Th 

SECTION 1 

s repor t  descr ibes  the design of a boom sys tem that resulted f r o m  a n  engineer- 
ing study. The body of the document compr ises  six Sections and two Appendices, and p r e -  
sents recommendations on the approach to practical  and feasible applications of the system. 

PURPOSE 

1 . 2  The purpose of the investigation was to disclose and propose a suitable means of 
extending a boom f r o m  a carr ier-vehicle  in space fl ight,  upon the end of which boom could 
be mounted a magnetometer o r  s imilar  instrument package. The program was  sponsored 
by Goddard Space Flight Center of the National.Aerbnautics and Space Administration (NASA), 
and was r u n  in accordance with their  Specification No. 63-49, dated 16 January,  1962, 
entitled 'Specifications f o r  Development of Boom Erection System' .  

DESIGN REQUIREMENT 

1 . 3  In general  t e r m s ,  the boom was to  be 21 feet i n  length when extended, and of 
non-magnetic ma te r i a l ;  to  be capable of supporting a non-collapsible 72 -inch tubular 
section and the instrument  package in conditions of ze ro - ' g '  only; and was to run out a n  
internally located cable pack. The basic design was to feature  the 'Stored-Tubular -Extendible 
Member ' (STEM) principle ,  as developed by de  Havilland Aircraf t  of Canada --a technique 
that employs a s torage d r u m  and guidance device to pay out and f o r m  a heat- t reated metal 
s t r i p  into a self-retaining tubular s t ruc tu re .  The precise  design requirements  a r e  listed 
in APPENDIX I .  

1 . 4  
their  design and per formance ,  is contained within APPENDIX 11. Where-applicable, the data 
contained there in  have all been incorporated in  the design of the unit that is proposed in  this 
r e p o r t .  

A b r i e f  his tory of 'STEMS' and some of their  u s e s ,  together with a synopsis of 

1 . 5  
the unit--the Type A-26--are  inser ted a t  the end of APPENDIX 11. The main difference 
between the two units will be seen in the number of e lectr ical  conduits; the A-26 having 
one only. The boom sys tem that this report  descr ibes ,  r e su l t s  f rom a development of the 
-4-26 design pr inciples .  

A similar unit to that of this report  has  a l ready been produced. Photographs of 

1 
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c HASSIS 

2 . 2  
and the necessa ry  space r s .  Attachment points for mounting the’unit in  the c a r r i e r  -vehicle 
consist  
(outboard of the sideplate). 

The chass i s  is  of simple construction and consists of two aluminum alloy sideplates 

of two lugs a t  the forward end ,  and a spigot on each end of the d r u m  assembly 

1 

SECTION 2 

DESCRIPTION 

GENERAL 

2 . 1  
following main components; the boom and its internally located signal and electr ical  con- 
duits ( t h r e e  individual conductor tapes) ;  the s t r ip  feed-and-guide mechanism; the storage 
d rum assembly;  the drive mechanism; the ter.mina1 boards and connectors;  and the mounting 
chass i s .  The following paragraphs descr ibe the layout and function of each main component 
and i ts  secondaries ,  and include operating characterist ics only insofar as the description 
of a function r equ i r e s ;  the operating character is t ics  a r e  described fully in SECTION 3 .  In 
establishing the location of components, the unit is viewed from the rear--facing the 
direction of boom extension--or f rom the side having the direction of extension to the 
left -hand. 

The boom system as envisaged in the study ( s e e  Frontispiece) consists of the 

THE BOOM 

I i 2 . 3  

1 
The boom is manufactured in  beryllium copper and originates as a flat  s t r i p  4 . 0  

inches wide by 0 ,005  inch thick. The s t r ip  is heat-treated into tubular fo rm;  the edges then 
overlap by 10 degrees  of a r c ;  the nominal diameter is then 1.25 inches;  the effective length,  
when extended, i s  2 1  f ee t  t 0.03 inch. In the retracted (s tored)  condition, the boom is 
reverted to i t s  s t r i p  confi&ration 
2 .  13) .  

and is wound onto the storage d rum ( re fe r  to paragraph 

1 

2 . 4  
maximum deviation being toward the outermost edge of the s t r i p ,  where the radius of 
curvature  is g rea t e r  than the nominal radius of the tube. The edges of the s t r ip  do not come 
into contact with each o t h e r ,  and so eliminate a source of frictional distortion and 
hys t e re s i s ;  however,  the overlap i s  sufficient to prevent the direct  exposure of the con- 
ductor tapes to the effects  of external radiation, radio ’noise’,  and micro-meteoroid 
collision. 

The c r o s s  section of the tube ( s e e  Figure 2-1) is not exactly c i rcular ;  the 
b 

2 . 5  
s t ruc tu re  and its ma te r i a l  to convey the conduits and withstand ground-handling loads.  

Choice of boom dimensions was particularly related to the ability of the 

2 
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TUBE CROSS SECTION 

EQUIVALENT CIRCUIT CONDUITS 1 7 
COPPER STRIP SGNAL CONWIT 

I 

\BERYLLIUM COPPER BOOM STRIP 

Figure  2 -1. Boom and Conductor Tapes --Configuration and Arrangement.  

Conductor Tapes 

2 . 6  
difficulties encountered in  the handling of grouped wiring - - e r r a t i c  behaviour of the 
cabling during ' f eed ' ,  and a weight penalty induced by a necessar i ly  l a rge r  unit--a departure  
f r o m  the Specification is proposed; namely, a substitution of the wires  and Microdot cable 
by tape-type conduits (see Figure 2-1). 

The details  of the required cable pack a re  shown inAPPENDIX I. Because of the 

2 . 7  
sandwiching ribbon-conductors of dead-soft copper.  In the case of the equivalent c i rcui t  
conduits,  the  l aye r s  of Mylar tape are each 0.001-inch thic,k; the copper ribbons a r e  
0.063-inch wide by 0.002-inch thick. Twenty conductors can be a r ranged  i n  a 2-inch 
wide t ape ,  and two such tapes  a r e  used; so providing for c i rcui ts  i n  exdess of the number 
requi red .  

Each coiiduit (conductor tapej i s  composed of two l aye r s  of Mylar plastic s t r i p ,  

2 . 8  
that a common ground is acceptable fo r  these circui ts .  The 2-inch wide Mylar tape ,  in  
this c a s e ,  is 0.004-inch thick per  layer ;  the copper conductors a r e  of the same 
dimensions as those above; twelve such ribbons a r e  spaced a t  0.15-inch (centre- to-centre)  
within the sandwich. A shield of 0.002-inch thick copper sheeting is bonded to one 
ex ter ior  su r face  of the sandwich. Due to the very small  s ide a r e a  of the conductors,  
t he re  is little c ros s - t a lk  between channels. T.he tape i s  a r ranged  within the boom, with 
the unshielded sur face  of the pat tern facing the boom inner sur face .  If ,  then,  the copper 
sheeting and the beryl l ium copper boom are used as ground, the c i r cu i t s ,  therefore ,  

In replacing the Microdot signal cable by,conductor tape,  it was assumed 

3 
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a r e  shielded f rom any external 'noise sources .  Tests  on this type of Microdot replace-  
ment a r e  being conducted by a re l iable  electronics consultant. 

Connectors and Connections 

2 . 9  Connection between the conductors and the external connectors is made by use of 
an intermediate printed-circuit  board and conventional wiring- -where the conductor tape can 
be dip-soldered o r  welded to the printed circui t .  If particular l imitations exis t  with respect  
to available space ,  the printed circui t  can be formed into complex shapes ,  as necessary .  If 
standard te rmina ls  and flying leads a r e  used to  accomplish the union with the connectors,  then 
standard approved connectors can be employed, and, i f  necessa ry ,  complex routing of the 
wiring can be effected. Because it uti l izes the minimum in 'exotic' ha rdware ,  this la t ter  
method i s  bes t  suited to smal l  production wires  of inexpensive cabling. 

2 .10 
investigated by de Havilland. A potting compound o r  a foam will be used to support  the wire  
and the tape a t  the soldered o r  welded juncture.  

The technique of wiring flexible leads direct  to  the conductor tapes  i s  now being 

2 .11  If a common ground i s  used ,  it i s  possible to connect the shielded conductors to a 
Microdot connector bank. Should this requirement become necessa ry ,  the special  terminals  
for the hook-up could be designed. 

STORED BOOM STRIP 
e CONDUCTOR TAPES 7 

-ROTATABLE WTER DRUM 

I I  I COILED ON CORE m I l l  I l l  1- 

I I 
1 I 

7 TERMINAL BOARDS 

FIXED CORE 

GEAR WHEEL 
RECESSED CENTER PORTION 

Figure 2 - 3 .  Cross  Section of Storage Drum. 
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INTERCHANGE 

BOOM CLAMP 

TAPE EXIT POINT 

INTERCHANGE 

TERMINAL BOARDS 

DRUM OUTER SURFACE 

RECESSED PORTION 

Figure 2 -4. Method of Winding On Boom and Conductor Tapes.  

STORAGE DRUM 

2.12 
within the other--and i s  manufactured in aluminum alloy. The smal le r  cylinder (core)  is 
at tached,  through a hub assembly ,  to the sideplates of the chassis  and remains  stationary.  
The l a rge r  cylinder ( the main s torage drum) is f ree  to rotate  about the same hub assembly 
by means of thinwall bear ings in  each rim. The internal cavity between the core  and the 
d rum i s  t e rmed  'the interchange chamber . The centre  portion of the d rum exter ior  s u r -  
face i s  r eces sed  and contains both the clamp to anchor the root  end of the boom, and a slot  
and c lamp through which the conductor tapes emerge f r o m  the interchange chamber .  The 
core  contains a slot  and clamp through which the tapes a r e  routed to c i rcui t  boards 

The s torage d r u m  ( s e e  Figures  2-2 and 2 - 3 )  i s ,  in  effect ,  two cylinders - -one 

--.:&I- 1 - w l C l l l l l .  

Stowage of Boom and Conductor Tapes 

2 .13  
the element  fully extended, and with reference to the left -hand s ide view shown in Figure 2 -4. 

Stowage of the boom and conductor tapes i s  bes t  described by commencing with 

2 .14  
laid along the s t r i p ,  one atop the other ;  the ends a r e  inser ted through the slot  to the rear of 
the boom c l a m p ,  and into the interchange chamber.  If the d rum i s  now reve r sed ,  the boom 
s t r ip  and conductor tapes will be wound on a s  one s t r ip .  It will be appreciated tha t ,  due 
to the difference i n  rad i i  between the boom s t r ip  and the individual conductor tapes when 
s to red ,  the length of each conductor tape i s  i rc reased  in  proportion. This fact  has  a 
d i r ec t  bear ing on the design of the feed-and-guide mechanism (descr ibed la ter  in 
paragraph  2 .20 ) .  

The root of the boom s t r ip  i s  clamped to the d rum.  The conductor tapes a r e  

6 
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Interchange Chamber 

2.15 The interchange chamber and the method of running through the electr ical  
connections a r e  the resul t  of a practicable design. Some means had to be provided for 
bridging the gap between the fixed and rotating circuits;  because of vacuum welding, 
sl ip-rings were unacceptable fo r  spacecraft  application. Additionally, there  were  the 
problems of 'noise' in terference and the necessity of retaining simplicity in  design. The 
interchange chamber method satisfies the requirement.  

2 .16  
boom to be fully extended, the surplus tape enters  the interchange chamber and is coiled onto 
the core  ( see  Figure 2 - 4 ) ,  is passed through the slot  (and the clamp),  and the connection to 
the circuit  boards i s  made. The loop between the entrance point f rom the d r u m  and the s t a r t  
of the coil is t e rmed  'the interchange loop'. When the d rum is turned to completely wind on 
the boom and the conductor t apes ,  the co re  winding peels off and rewinds in  a r e v e r s e  
direction. This operation is described in SECTION 3.  

Assuming the ends of the conductor tapes to be one s t r i p ,  and still assuming the 

FEED-AND -GUIDE MECHANISM 

2.17 
of the take-off r o l l e r s ,  the f o r m  r o l l e r s ,  a n  exit guide, the take-up s y s t e m ,  and a follow- 
er-and-cam type stop for the storage drum. 

The feed-and-guide mechanism ( s e e  Figures 2-2,  2-4,  2 - 5 ,  and 2-6)  consists 

Rollers 

2 . 1 8  
stainless s teel  flanged bearings; the bearings run in  fore-and-aft  slots in the sideplates.  TWO 
stainless-s teel  coil-spring belts pass around the drum--one along each edge of the boom 
str ip--and over pulleys on the trolley.  These belts maintain the take-off ro l l e r s  in  a r e a r -  
ward position, against the drum-wound s t r i p ,  a s  the storage diameter dec reases  during 
extension of the boom. The specific function of the two se t s  of aluminum alloy ro l l e r s  is to 
retain the boom s t r i p  and conductor tapes in  manageable shape and co r rec t  positioning 
during the peeling-off-the-drum stage; a need that a r i s e s  f r o m  the inherent tendency of the 
boom to immediately assume tubular fo rm when freed f rom the d rum (this character is t ic  is 
l a t e r  descr ibed in SECTION 111. 

The take-off ro l l e r s  comprise a trolley assembly.  The trolley is mounted on 

Exit Guide 

2 .19  
is provided at the exit f r o m  the chassis  and 
is located approximately one foot f r o m  the 
take-off r o l l e r s .  
c r ad le ,  manufactured in  Teflon, and f r e e  tO 
rotate  upon thinwall bearings.  

Take -up Sys tem 

2.20 
alloy gantry a s sembly  of t h ree  aluminum alloy 
rol ler  -type pulleys over which the conductor 
tapes a r e  individually routed pr ior  to being 
paid out through the take-off ro l l e r s .  This 
f ea tu re  is introduced to compensate for the 

GUIDE 

An additional guide ( s e e  Figure 2 -5) 

This guide is a disc-shaped 

The take-up sys t em is a n  aluminum 

THINWALL 
BEARING 

Figure 2-5. Exit Guide. 

7 
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difference in  tape lengths (refer to paragraph 2.14). 

2.21 
the gantry.  With the conductor tapes stowed, the springs a r e  under minimum tension. 

The pulleys have a common pivot point and a r e  individually spring-loaded to 

Follower and Cam 

2 . 2 2  
braking and a r r e s t ing  the rotation of the d rum in such a manner that the boom i s  extended 
to the specified length with accurate  repeatability. 

The follower-and-cam type stop ( see  Figure 2-6) i s  provided a s  a means of 

2 .23 
a slot  i s  cut in  the d rum circumference,  just inboard f r o m  the r i m ;  both a r e  at approx- 
imately 140 degrees  clockwise following the root  clamp of the boom. 

A s ta in less -s tee l  two-stage cam i s  located at the left-hand r i m  of the d rum;  

BARED 
FULL E 

FOLLOWER 1 E 

MICROSWITCHES s2 AND s3 
u!c!?osur!acn S!  - 

Figure 2-6 .  Follower and Cam. 

2.24 
running d i rec t ly  in  l ine with the slot  in  the d r u m ,  the other in line with the two-stage cam.  
The bel lcrank of this second ro l le r  i s  a r ranged  to actuate three  microswitches (descr ibed 
in paragraph 2 .31 ) .  The follower i s  spring-loaded to run the f i r s t  ro l le r  (aluminum alloy) on 
the outermost  su r f ace  of the drum-wound boom strip., while the second ro l le r  (s ta inless  s teel)  
remains  poised over the revolving two-stage cam.  The two-stage c a m  provides two ' d rops ' - -  
the f i r s t  to slow down rotation; the second to halt  it completely. This operation i s  described 
in  SECTION 3.  

The follower is a pair  of aluminum alloy bel lcranks,  each moanting a rol ler  - -one 

DRIVE MECHANISM 

2.25 The proposed dr ive mechanism consists of a 28-volt d . c .  motor having an  integral  

8 
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gearhead,  an external reduction g e a r ,  and a microswitch arrangement  for  e lectr ical  control 
of the sys tem.  

Motor 

2 . 2 6  

I 

The motor specifications a r e  a s  follows: 

Type - Globe, 43A571 
No-load Speed - 22,000 r p m  
Design-load Speed - 13,000 r p m  
Brushes - Silver impregnated 
Shunt Wound Field - 2 pole 
Bearings - Stainless s tee l ,  double-shielded ball 
Lubricant - GE F50 Silicone oil 
Design Voltage - 28-volt d .  c .  
Design Curren t  - 0.32  amps  
No-load Curren t  - 0 . 2 6  amps  
Continuous Rating - 200 h r s  (Space environment) 
Planetary Gear Ratio - 733 : 1 

2.27 
magnet i s  replaced by a shunt wound field to  eliminate s t r ay  magnetic fields f rom the motor 
when not operating. The motor itself i s  highly reliable within the res t r ic t ions  of brush types,  
and power output is adequate fo r  boom rewinding operations.  An eight-pin te rmina l  board 
for the motor control c i rcui t  i s  mounted on the.inside and r e a r  of the left-hand sideplate.  

2 . 2 8  
of the proposed silicone lubricated motor .  Motors of this type have run  for 200 hours a t  
a p r e s s u r e  of 10-8 m m  Hg without fa i lure .  If longer periods of exposure to low p res su re  
were  specified,  it would still be possible to u s e  these simple pr ime mover s ,  by supplying 
a wick and lubricant reservoi r  to maintain the internal p re s su re  of the motor above that 
at which cold welding would occur .  The t ime and cycling l imitations on these motors  a r e  
not known: but l i fe  expectation is in  the order  of 500 hour s ,  dependent upon reservoi r  
s ize .  

The proposed motor i s  a modified permanent magnet d .  c .  type; the permanent 

The specified vacuum and tempera ture  requirements a r e  within the capabilities 

1 
I 
I' 

2 . 2 9  
d .  c .  m o t o r s ,  could be considered if  the weight penalties involved were  acceptable; however, 

More complex motors  in  the sealed-drive category,  and the new brushless  type 

l i t  is considered that these devices a r e  unnecessary for the present  specification. 

Gear  Assembly 

2.30 
a s ta in less  s t ee l  pinion on the motor shaf t ,  and an aluminum alloy gear-wheel a t  the right-  
hand r i m  of the d rum.  The gear  ra t io  i s  4 i 1. 

The dr ive  for  the s torage d rum comprises a spur gear  assembly;  consisting of 

Microswitches 

2 .31  
sideplate ( s e e  F igure  2-6) .  S2 and S3 perform the same function; being double-banked to 
introduce a rel iabi l i ty  fac tor .  The motor control circuit  i s  shown in  Figure 3-1.  
Microswitch S1 br ings a r e s i s to r  ( R l )  into sezies  with the a r m a t u r e  of the motor;  S2 and 
S3 open the power c i rcu i t s  to s top the motor .  The complete operation i s  described in 
SECTION 3 .  

Three  microswitches (S1  , S 2 ,  and S 3 )  a re  located together on the left-hand 

9 
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SECTION 3 

THEORY OF OPERATION 

GENERAL 

3 .1  
and covers  the sequence of events as they a r i s e  during the complete cycling of individual 
components. 

The following discussion descr ibes  the operation of the unit proposed in  this repor t  

MOTOR 

3.2 Operation of the motor circuit  i s  described with reference to F igure  3-1. 

3 .3  Two independent c i rcui ts  a r e  provided: the a rma tu re  ( terminals  5 and 6) and the 
field ( te rmina ls  7 and 8). The a rma tu re  ci rcui t  is routed through the normally closed con- 
tacts  of S1 and S2; the field c i rcui t  through the normally closed contacts of S3; and with 
28-volt d . c .  applied,  the motor operates .  Under the action of the gear  d r ive ,  the d rum 
commences to revolve in  a counter-clockwise direction, and th-e boom s t r i p  and conductor 
tapes a r e  paid out. 

SI  s2 s3 

TB I 

MOTOR 1 

I 
TO DDM 50P CONNECTOR 

Figure 3 - 1. Electrical  Schematic 

10 
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BOOM 

3.4  
and,  on leaving the take-off r o l l e r s ,  the edges of the s t r ip  pass  between the bearing sur faces  
of the 'edge' and 'couch' fo rm- ro l l e r s .  

The boom s t r ip  departs  the d r u m  a t  the radial  on the centre- l ine of the unit ,  

3 . 5  
heat- t reat  p roper t ies ,  the edges will b e  endeavouring to cu r l  up and i n ,  and must  be r e -  
s t ra ined and guided i f  'oil-canning' and subsequent buckling of the s t r i p  a r e  to be  avoided. 
The fo rm ro l l e r s  are provided for  this purpose.  

The boom is now in t ransi t ion f rom s t r ip  to tubular configuration. Due to the 

3 .6  
exit f rom the chass i s .  This guide provides a long a r m  to take out bending moment loading 
and minimize the e r r o r  multiplication of the guidance sys tem (refer to APPENDIX I1 , 
paragraph 10,  e t  seqq) 
point, fur ther  controls the edges of the s t r ip .  The relatively low tors ion loads introduced 
during this stage resu l t  in a low torque a t  the cradle;  hence,  the f reedom to rotate .  Re -  
peatabil i ty,  therefore ,  i s  re ta ined,  subject to the breakout torque of the bear ing.  

The next s tage in  the control of boom configuration occurs  i n  the guide at the 

and,  with the c r o s s  section of the boom still i n  t ransi t ion a t  this  

Extension Velocity 

3 .7  
can introduce var ious conditions of self -extension- - f rom the violent,  through the neut ra l ,  
to the slightly back-loaded boom; dependent upon the type of guidance, mechanism e m -  
ployed. 

When properly r e l eased ,  the internal  s t ra in  energy of a s tored boom element 

3 .8  The means of guiding and restraining the boom descr ibed in this repor t  
permi ts  full  u se  of the self -extension energy of the s tored mater ia l .  An element charac te r  - 
i s t ic  r e s u l t s ,  wherein the s t r ip  requi res  only a small  amount of power to commence and main- 
tain boom extension. The handling considerations of both boom and tapes  favour a low exten- 
sion velocity,  due to the severi ty  of the loads imposed i f  slight displacement or  e r r a t i c  
behaviour of the s t r ip s  occurs  a t  high speed; a condition that may resu l t  in overs t ress ing  and ,  
subsequently,  possible jamming of the mechanism. The total extension t ime ,  therefore ,  is 
in  the o rde r  of four minutes ,  a t  a motor power level of s ix  watts.  

CONDUCTOR TAPES 

3 .9  
F igure  3-2; with the tapes wound onto the co re  in the r eve r se  direction to that of the boom, 
for  half the number of required turns  of thexdrum (s ixteen and one-half) to fully extend the 
boom. 

3.10 
the action of the  interchange loop, winds them loosely against  the outer surface of the in te r -  
change chamber .  When half the total  d rum turns  have been made ,  the conductor tapes will be 
completely unwrapped f rom the core .  During the remainder  of the d rum t u r n s ,  the tapes a r e  
rewound onto the co re  in  the r eve r se  direction t o  that of before .  An additional half tu rn  of the 
tapes  i s  provided to prevent tension'being applied. 

At the commencement of boom extension, the conductor tapes are a s  shown in 

A s  the d r u m  ro ta t e s ,  the tape exit point peels the tapes off the co re  and ,  through 

3 .11  If the  boom is now re t r ac t ed ,  the action within the interchange chamber is vice 

11 . 
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ver sa  to that just described ( r e f e r  to paragraph 2 .  16).  

AT 

INTERCHANGE LOOP AFTER / 
THREE- QUARTER ROTATION 
OF DRUM 

Figure 3 - 2 .  Boom and Conductor Tapes at Star t  of Extension. 

TAKE-UP SYSTEM 

3.12 
conductor -tape lengths. 

A s  stated in  paragraph 2 . 2 0 ,  the take-up system compensates for  the difference in  

3 .13  Where the stored boom s t r i p  and conductor tapes become the outside winding on the 
d r u m ,  the nex t - s t age ,  as the boom commences t o  unfurl ,  is the 'feed' through the take-off 
r o l l e r s ;  where the boom s t r i p  changes direction, and no longer need the conductor tapes be of 
g r c ; a r ~ i  i ~ 4 ~ ~ u u a i  length ( r e f e r  to paragraph 2 .  i 4 j .  "---.*-- --2-..: 3 

3 . 1 4  
means must  be  provided to compensate f o r  this state while the boom s t r ip  is departing f r o m  
the d r u m  and extending through the take-off rol lers .  Were no such means provided, each tape- - 
commencing with the uppermost, .  which is kwo and one-quarter inches longer than the boom-- 
would se t  up a backwave against the take-off r o l l e r s ,  and SO constitute a tight packing condition; 
the possible jamming of the feed being a subsequent haza rd ,  However,  the take-up system i s  
provided to avoid this contingency. 

Due to this difference in length between the individual s t r ip s  when s to red ,  some 

3.15 
a n  individual conductor tape; the tapes then re-uniting to t r ave l ,  with the boom s t r i p ,  through 
the take-off r o l l e r s .  A s  the boom is extending, and the surplus in the conductor tapes is  
tending to ga the r ,  the pulleys will maintain tape tension; so removing the slack and the l ikeli-  
hood of backwave development at the r o l l e r s .  

The pulleys a r e  spring-loaded to  the small gantry a s sembly ,  and over each is run 

12 
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I POSITIONING 

3.16 
APPENDIX 11. In this Section, the operating theory discusses  positioning of the boom with r e -  
spect to extension length only. 

The repeatability and positioning character is t ics  of STEM'S are m o r e  detailed in  

3.17 
root clamp is at approximately 180 degrees  f r o m  the take-off ro l l e r s  
half of the d r u m  surface is bared--exposing the slot located just inboard of the r i m  at approx- 
imately 320 degrees  clockwise. See now Figure 3 - 2 .  

In SECTION 2 it has  already been shown tha t ,  when the boom i s  fully extended, the 
and that the remaining 

t 

3.18 
until now has  been running on the surface of the drum-wound boom str ip--drops off the s t r i p ,  
and commences running on the now bared surface of the d rum.  The d rum continues to  revolve,  
and the follower drops through the slot .  

As the boom approaches the limit of extension, the rol ler  of the follower--which 

3 .19  At this s tage,  the c a m  has arr ived directly under the second follower 
which now runs on the bearing surface.  Further  rotation of the d rum brings the f i r s t  'drop '  
and actuation of microswitch S1. The normally closed circuit  of S1 is opened; the normally 
open circuit  i s  now closed; r e s i s to r  R1 is brought into se r i e s  with the motor a r m a t u r e ,  and 
reduces the motor r p m  to approximately half the 'under -load' value. 

the rol ler  of i 
I 
1 
1 

3.20 At the second 'drop'  in the c a m ,  microswitches S2 and S3 a r e  actuated simultaneously; 
the normally closed contacts a r e  opened, and power is removed entirely f r o m  the motor circuits.  
In addition to providing for the actuation of S2 and S3,  this second 'drop'  becomes a detent,  
and physically a r r e s t s  further rotation of the drum. Total extension e r r o r s  resul t  only f r o m  
variations in boom length; due to temperature and s t r e s s ,  and e r r o r s  in physically positioning 
the d rum.  

I 
1 

BOOM STORING 

3 . 2 1  F o r  ground retract ion purposes,  the motor may be employed; by reversing the polarity 
a c r o s s  the a r m a t u r e ,  and by physically lifting the follower until the first turn of the d rum covers 
the slot;  af ter  which the follower may be permitted to run upon the surface of the boom str ip .  
When the boom is fully r e t r ac t ed ,  the power can be removed; the high.gear ratio of the drive will 
maintain the unit in  the 'stowed' condition. 

13 
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SECTION 4 

ENVIRONMENTAL FACTORS 

GENERAL 

4 .1  
design of a development model,  this factor would be taken into consideration. 

The boom unit will be called upon to operate in a rigorous environment,  and,  in the 

MATERIALS 

4.2 par ts  by such 
spaceworthy mater ia ls  as melamine, f ibre-glass ,  nylon, Teflon, and Mylar ,  metal-to-metal  
moving surfaces  will be protected o r  eliminated wherever possible.  

By means of metal  surface t r ea tmen t ,  or by substitution of the meta 

4 .3  
the boom system employs a great  number of bearings in  the guide and drive mechanisms. 

F o r  reasons of economy in power,  and a minimum of play a t  the moving su r faces ,  

4 . 4  
supply of low vapour-pressure si l iconoil  to have a space environment life in the order  of two 
hundred hours  minimum. Therefore ,  the use of this type of bearing would satisfy the specifi- 
cation requirement;  however,  a r a the r  s l im  safety factor would exist .  

Tes t s  performed on the motor have shown a double-shielded bearing that has a 

4 . 5  
can be  replaced by adequately tested bushings having non-metallic contact surfaces;  and,  
where n e c e s s a r y ,  the replacement of the metal  ba l l s  in the bearings by artif icial  sapphire ,  or 
s o m e  other  c r y s t d i n e  siihstanre not prone to a vacuum weld to s teel .  The employment of such 
bearing ma te r i a l s  i s  more  than feasible; i n  f ac t ,  their  use i f  already reduced to commercial  
pract ice .  It is synonymous, t h e r e f o r e ,  that  a program of this magnitude would r equ i r e ,  in  
this r e s p e c t ,  only a small  amount of extra  funding to enhance the space reliability. 

A contract for hardware should provide for development, whereby: these bearings 

14 
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SECTION 5 

WEIGHT ESTIMATE 

TABLE O F  WEIGHTS 

5 .1  Figure 5-1 is a table of estimated weights f o r  the proposed boom system. 

ITEM 

Boom 

Conductors 

Connectors 

Terminal  Boards 
and Wiring 

Motor 

Storage Drum 

Central  C o r e  

Guidance 

Bearings 

Take-up System 

F o r  ward  
Connector 
Panel  

Forward  Plug 

Side plates 

Misc 

VOLUME OR LENGTH DENSITY 
OR NUMBER l b / c u  in. 

21.0 t 1 . 5 f t  0.0716 

21 t 0.60 x 2 1  t 1.5 f t  
21 t 0.60 x 21 t 1 . 5  f t  
21 t 0.60 x 21 t 1 . 5  f t  

6 off 

0.0168) 
0.0168) 
0.0404) 

Satellite End 

Globe 49A 

6.85 cu in. 

9 .38 cu in. 

9 .21 c u i n .  

1 @ 0.22 t 2 @ 0.25  
+ i j  @ 0.Oi jibsj 

0.100 

0.100 

0.100 

3.2 cu in. 0.100 

6.25 cu in. 0.100 

2 .0  cu in. 0.100 

166 s q  in. @ 0.125 in.  0 .100 

0 . 6  cu  in. 0.100 

Total  Weight (including Contingency) 

Figure 5 -  1. Estimated Weights. 

15 

ESTIMATED 
WEIGHT (lb). 

1 .60 

2.60 

0.25 

0.  15 

0.42 

0.50 

0.75 

. 0.75 

0.85 

0.25 

0.38 

0.15 

1.20 

0 .04  
9 . 8 9  ., - ~, 

11.00 
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FIGURE O F  MERIT 

5 .2  
conductors themselves.  

The estimated weight of the unit is 11.0 lb ,  of which 2.60 lb is contributed by the 

5 . 3  
the specification. The total  length of No.  22  gauge wire  required is ( 2 1  t 2 )  feet  t imes  37 
conductors - equalling 850 fee t ,  and of Microdot (21 t 2) feet  t imes 10 conductors - equalling 
230 feet .  Therefore ,  using their  respective linear densi t ies ,  the resul t  i s  - 

These weights should be compared with the weight of cabling alone required under 

No.  22  wire  - 850 x 0.0035 = 2 .98  lb 

Microdot - 230 x 0.0110 = 2.53  lb 
5 .51 lb 

5 .4  It is important to note 
of the cabling alone a s  originally specified. 

that the total weight of the proposed unit is only twice that 

16 
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SECTION 6 

CONCLUSION 

GENERAL 

6. 1 As st ted ea r l i e r  in this r e p o r t ,  the design features of the unit proposed herein a r e  
the progeny of a previously developed system- -the A-26 Extendible Boom Unit. In t u r n ,  those 
of the A-26 were born of other designs and principles of a simple nature and of proven r e -  
liability, and the information contained in APPENDIX I1 se rves  to support this statement.  

BOOM LENGTH 

6 .2  
requirements .  The methods of anchoring the boom to the d r u m  and of a r r e s t ing  d rum rotation 
preclude the possibilities of overshooting and undershooting. This feature  is described under 
paragraph 3 .16 .  

With respect  to boom length, no difficulty is foreseen in meeting the specification 

BOOM CONSTRUCTION 

6 . 3  
present 
s ide red ,  i f  and when existing development t e s t s  show satisfactory r e su l t s .  

The only suitable non-magnetic material  available for  the boom element at  
is beryll ium copper.  An alternative material-  -titanium alloy--could la ter  be con- 

DESIGN ADVANTAGES 

6.4 
type of other extendible boom systems that a r e  under development for spacecraft  application; 
namely,  a sectional interlocking tube unit. This type, for example,  suffers f r o m  a number of 
s eve re  drawbacks; as follows: 

A comparison is drawn between the de Havilland product and one representative 

(a) Motive Power-  
A high energy is required fo r  reliable operation, and only high-pressure g a s  
f r o m  explosive squibs o r  bottles i s  suitable for supplying this force.  Both 
these propellants introduce unreliability f rom factors  such as high-pressure 
sealing and e r r a t i c  reaction by a n  explosive charge to a widely varying temp- 
e r a t u r e  environment. 

(b )  Weight - 
The tubes and joints must be sturdily constructed, i f  they a r e  to withstand the high 
p r e s s u r e s  
ensuring complete locking of all  sections. 

and the shock f r o m  abrupt deceleration- -result ing f rom the means of 

( c )  Disturbing F o r c e s  - 
On completion of extension, this deceleration imparts  impulsive shocks to the 

1 7  
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c a r r i e r  -vehicle and the instrumentation at the extremity of the boom. 

(d) Positional Repeatability - 
This factor must suffer ,  due to the repeated testing of the same  boom being a 
practical  impossibility. F o r  instance,  such devices a r e  pr imari ly  of the 'one shot '  
type,  and,  should a reloading o r  recharging tes t  r i g  facility be devised,  the hand 
collapsing between shots may quite easily damage delicate seals  o r  carefully 
matched joints. Moreover ,  a very difficult mechanical problem is the guarantee 
that the individual sections will not rotate during rapid extension. 

( e )  Package Size - 
It is unlikely that a relatively reliable boom of this type could give a stacking 
factor of better than 6 o r  7 : 1 (rat io  of extended to s tored length). A 21-foot 
stored boom alone,  therefore ,  would be some 30 inches minimum in length. 

( f )  Electr ical  Circui t ry  - 
It is fai r ly  obvious that the collapsable tube system must  convey the cabling 
externally,  and this feature would necessar i ly  dictate the provision of adequate 
shielding f rom the effects of radio 'noise ' ,  micro-meteoroid collision, u l t r a -  
violet and similar types of radiation. 

6 . 5  On the other hand, the advantages offered by the de Havilland proposed boom s y s -  
tem a r e  found in  the one-piece construction of the element (providing, thereby, a continuous 
and,  t he re fo re ,  simple extension cycle) ,  and the compact stowage arrangement  of the boom 
s t r ip  and conductor tapes;  features  that a r e  attainable only through the medium of the flat s t r i p  
and s torage d rum principle. In comparison with the dimensions of a s tored sectional tube 
( r e f e r  to paragraph 6 . 4  ( e ) ) ,  the complete system assembly is only a little over 2 3  inches long 
and ,  for no inc rease  in  length and only about 2 lb. increase in  weight, could easi ly  accom- 
modate a 40-foot boom i f  r equ i r ed ,  complete with electr ical  c i rcui t ry .  The fact  that the 
boom will a lmost  self-extend, requiring only a small  dr ive-motor ,  is in itself considerably 
noteworthy. 

6 . 6  
than 100 cycles) with no lo s s  in calibration o r  performance; for example,  to satisfy other 
customer specifications in  the pas t ,  a retraction feature has  been incorporated by mere ly  
the addition of a simple circuit  and switching to the  drive motor .  

F o r  t e s t  purposes ,  the boom can be extended and retracted repeatedly (through m o r e  

6 . 7  
provided by the boom and ,  consequently, no extra weight is  introduced thereto.  

A s  already shown ea r l i e r  in  this report ,  shielding of the electr ical  c i rcui ts  is 

6 . 8  
concerns;  but none would possess  the three-year  background of r e sea rch  and development in  
these devices that exists a t  de Havilland. 

Similar  techniques to that of STEM design could be adopted by other manufacturing 

REPEATABILITY 

6 . 9  
seen  that t hese  e r r o r s  can be largely predeterfnined f rom t e s t s ,  and,  as a resul t  of which, 
their  values may well be brought to within, or  the threshold o f ,  the specified tolerances.  
This task is  difficult ,  to say the l e a s t ,  due to the intricacies and inaccuracies attendant to 

The positioning e r r o r s  of boom elements a r e  discussed in APPENDIX 11. It will be 

18 
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reproducing a zero  'g'  environment on ea r th .  It is a lso shown how this condition i s  simulated 
for t e s t  purposes.  

CABLING 

6. 10 
respect  to the cabling employed. Although a system could be designed that employed the 
specified type of cabling, the r e su l t  would be impracticable f r o m  the standpoint of unit 
dimensions and weight. Moreover ,  the handling of grouped leads would occasion complication 
in design and sys tem operation. F u r t h e r m o r e ,  not only do the Mylar s t r i p  conduits dispense 
with these last two problems,  they also provide five conductors over  and above the total 
number specified. Additionally, and with particular emphasis on the g r o s s  weight of the com-  
plete boom s y s t e m ,  the Mylar conduits contribute toward a considerable saving in this 
r e spec t ;  as shown in the following paragraphs.  

As described in SECTION 2 ,  a departure f rom the specification is proposed with 

WEIGHT 

6.11 
tapes is less than half the total weight of the cabling called for i n  the specification. By 
employing this type of conduit, the design team were thus able t o  simplify the fo rm of the 
s to rage ,  d r i v e ,  and guidance mechanisms;  thereby retaining a s t ruc tu re  of light weight. 

F r o m  SECTION 5 ,  it will be seen that the total weight of the proposed conductor 

6.12 
complicated,  enlarged,  and,  s o ,  somewhat weighty--resulting in an  estimated gross  
weight in the order  of 18 .0  lb .minimum. However, the alternative is proposed and resul ts  in 
a n  estimated g r o s s  weight of only 11.0 lb .  

Had the specified cabling been adopted, the design features  would have become 

REFINEMENTS BY DEVELOPMENT 

6 .  13 
to drawing,  followed by modification af ter  testing, the following resul ts  should be achieved. 

If a development program were  instituted wherein prototypes are  first constructed 

Weight 

6.14 
in overal l  weight. Fur ther  weight-saving would be attained by utilizing f ibre-glass  o r  other 
non-metall ics i n  the main s t ruc tu re ;  i n  particular,  the use  of a titanium alloy boom would 
show a saving of approximately one-half pound. 

The m-echanical design would be simplified and should show a subsequent reduction 

Wiring 

6.  15 A development program would effect a considerable improvement in the wiring 
sys tem.  F o r  example: the number of junctures per conductor could be reduced; the most  
advanced and reliable connectors could be utilized; where possible ,  welded connections 
would be substituted for those now soldered. 

RELIABILITY 

6.16 The design of the proposed boom system employs the basic techniques of other 
proven des igns .  Although new ideas have been applied, alternative materials proposed, and 
some modification incorporated,  de Havilland are  confident tha t ,  after suitable testing, a 
thoroughly rel iable  extendible boom sys tem fo r  space -vehicles can be produced. 

19 
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APPENDIX I 

GODDARD SPACE FLIGHT CENTER 

SPECIFICATIONS FOR DEVELOPMENT O F  BOOM ERECTION SYSTEM 

I .  Purpose 

The purpose of this task is to study design approaches and recommend the most  
practical  and feasible to pursue based on requirements ,  This design should incorporate the 
folding tubular tape principle which has  been developed by the de Havilland Aircraf t  of 
Canada,  Limited.  

11. Requirements 

* Utilizing the basic concept of the folding tape sys tem,  disclose a design that 
will meet  the following requirements .  

A.  

B .  

C .  

Length of Boom: 

Extended length should be twenty-one feet  plus or  minus 0 I 030 inches.  

Material:  

Al l  boom mater ia l  must  be non-magnetic . 

Repeatable Positional Accuracy: 

Outer end of boom must be on axis to within a 1 / 4 O  half angle cone and 
tors iona l ly  repeatable to within t 1 / 4 O .  - 

D .  Cabling: 

Extended along the full length inside the boom will be a cable pack made 
up of thirty-seven ( 3 7 )  No. 22  wires  and ten ( 1 0 )  micro-dot leads.  

E. Loading: 

Secured to the outermost t ip of the boom will be a non-collapsible 
seventy-two ( 7 2 )  inch tubular section which supports magnetometer components as 
outlined on S K  708. The boom must  be capable of supporting the extended components 
only in a 0-g condition. However,  a s  stated in  paragraph 11-H, the boom will be 
extended for  testing on ea r th .  

F .  Weight: 

The weight of the complete extension sys tem should be the minimum 

AI. 1 
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required to maintain the s t ructural  integrity of the assembly.  

G .  Retraction: 

Retraction i s  not required i n  space and should be manual on the ground. 

H .  Ground Test:  

When an appropriate support structure is  used ,  the boom must be 
capable of accurately extending the magnetometer components and cabling while 
in a 1 -g f ield.  The support s t ructure  will be supplied by GSFC . 

111 F o r  the purposes of this study the following environmental tes t  conditions 
should be used in the design phase of the investigation. In the non-extended position 
the complete boom system will undergo the following environmental t e s t s  which represent  
either boost phase during launch o r  orbital  conditions. 

Acceleration 

The acceleration level will be 13 g ' s  in three mutually perpendicular directions.  

Vibration 

Sinusoidal 

Sinusoidal sweep is typical f o r  each of three orthogonal axes .  

Frequency Range 
c p s  

5 - 250 
250 - 400 
400 - 3000 

g - r m s  

3 . 5  
6 . 5  

13.0 

Random 

Random motion applies to three orthogonal axes. 

Frequency Range Power Spectral 
CPS Density (g2  /cps)  - 

2 0  - 2000 0 . 1 0  

Shock 

Wave shape 112 sine wave 
Each axis 30 g 's  
Time 6 milliseconds 

The rma l  Vacuum 

Sweep Rate 
(log) 

1 /2 octave /minute 
I t  I t  t l  

t I  I 1  t I  

Time (min) 
Each axis 

12.0 

In addition the system must  be capable of functioning under the following 

AI.2 
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conditions which represent orbital flight. 

Hot Thermal Vacuum 

Pres sur e: 

Time: 2 4  hours 

1 x 10-5mm of Hg. 
Temperature: 45% 

Cold Thermal Vacuum 

Pres sur e: 

Time: 2 4  hours 

1 x 10'5mm of Hg. 
Temperature: -5OC 

Et seqq. omitted - Ed. 
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HISTORY AND DESIGN ANALYSIS 

OF 

STORED - TU BU L A R- EXTE N DI B L E- M E  M BE R DEV I C E S 

INTRODUCTION 

I 1. Stored-Tubular -Extendible-Members (STEM'S) are a design development by 
de Havilland Aircraf t  of Canada Ltd. In br ie f ,  these units provide a highly sat isfactory means 
of packaging lengthy antenna o r  boom elements  in car r ie r -vehic les  having a l imited stowage 
capaci ty ,  and in  which there  exis ts  a requirement for both the extension and retract ion of 
the element.  The following is a synopsis of the design, production processing,  and pe r -  
formance of these uni ts ,  and is provided to  facilitate the a s ses smen t  of the de Havilland 
capability in  this  respec t .  

2 .  
National Research  Council of Canada. The technique was fur ther  developed by the Canadian 
Army Development Establishment and l a t e r ,  i n  conjunction, by the Canadian Defence Re-  
sea rch  Telecommunications Establishment and de Havilland. During recent  y e a r s ,  the 
unique fea tures  of STEM design have been the subject of application for  patent r igh ts .  

3 .  
In par t icu lar ,  these units have performed successfully on space vehicles .  In 1959, the 
Special Products  & Applied Research  Division of de Havilland Aircraf t  of Canada 
the design and development program that produced the antennas for Canada 's  Topside Sounder 
Satell i te.  

The original bas i s  for the STEM design was a technique investigated by the 

The STEM principle has  a l ready  been applied to equipment now being operated.  

undertook 

4.  
the Cnm-pany; the o p e r 2 t - i ~ ~  a ~ d  r ~ l i i b i l i t y  nf these iinits has been proven repPatedly--both in  
test p rograms  and pract ical  application. Many problems have a r i s en  and been dealt  with 
effectively.  No new idea o r  mater ia l  is incorporated in  a boom or  antenna sys t em,  until 
it has  first been subjected to a sound theoret ical  study and a thorough development schedule. 
F igures  9 and 10 a r e  photographs of one successful development--desi'gnated the A-26 
Boom Unit. 

Many STEM devices have been produced over the period of their  development by 

THE S'MZM PRINCIPLE 

5 
is formed out of s t r ip  mater ia l .  The s t r ip  i s  heat-treated into a c i rcu lar  sect ion,  i n  such 
a manner- that  the edges of the mater ia l  overlap to a specific deg ree ,  dependent upon r e -  
quirement  (see Figure  2 ) .  This overlap,  when in the order  of 180 degrees ,  provides the 
tubular e lement  with a strength almost  equiualent to that of a s eamless  tube of the same 
d iameter  and wall thickness.  When r e t r ac t ed ,  the boom element i s  s tored in  the strained 
and flattened condition by winding it externally onto a d rum or  internally into a casset te ;  

The STEM principle is depicted in its basic f o r m  in F igure  1 .  The boom element 
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it is continuously t ransformed into the flattened condition by passing it through a suitable 
guidance system. 

TAKE-OFF ROLLERS 

FORMING ROLLERS 

SECONDARY GU I DANCE 

Figure 1. The 'STEM' Principle.  

?O DEGREE 
OVERLAP' TUBE 

120 DEQREE 
m ~ ~ ~ ~ ~ m  fuec 'OPENm TUBE 

Figure 2. C ross  Section of Typical Tubes. 

6 .  
impar t s  a s t ra in  energy to the mater ia l ;  resulting in  the element having an  inherent tendency 
to r e s u m e  tubular configuration where i t  departs the d r u m ,  SO promoting an  inclination to 
self-extend. The stage of transformation, f rom the flat to the tubular,  i s  t e rmed 'the 
a r e a  of ploy'. 

It will be appreciated that the process  of flattening and coiling the boom element 
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7 .  
a r e  so ar ranged  to control the reaction of the boom element--from a condition in  which 
the element will completely self-extend, to  a condition where a small motor is used to 
commence and maintain extension. 

Dependent upon the par t icular  requirement ,  the guidance and dr ive mechanisms 

8.  
iner t ia  or  despin loading, it is possible to increase the bending strength of the boom by 
nesting severa l  identical elements together ,  o r  by  increasing element diameter  and 
thickness.  

Where a boom is to be  subjected to bending moments f r o m  wind, weight, 

9.  
some cases--180 degrees  over lap ,  and while providing a boom of high root  buckling s t rength,  
the technique involves a section of overlapped element in close contact.  Where, tors ional  and 
positional repeatabil i ty is a design requi rement ,  the randomly friction-loaded a r e a  along the 
length of the overlap introduces non-repeatable variations in boom shape and t ip  torsional 
orientation. F o r  this reason ,  booms with close positional tolerance requirements  a r e  usually 
of an  'open' design. A boom is r e fe r r ed  to a s  'open', even when some overlap is provided to 
exclude d i r ec t  external  radiation; but ,  in this case ,  the overlapped sections do not come into 
contact with each other .  

The boom has already been described as formed into a c i rcu lar  section of--in 

REPEATABILITY 

Position E r r o r s  - Random and Repeatable 

10. 
will a s sume  major  importance in  the final boom shape. The element i s  little thicker than 
paper 
thousandth of that  of a thin-walled tube having the same  wall thickness and d iameter .  Load 
propagation develops shear  along the four f r ee  edges of the element ,  and any distortion 
enforced on these edges will produce la rge  changes in  shape and a twist  at the end of the 
boom. These changes in  the shape,  f rom the natural  contour,  can be broken down into the 
repeatable and random variat ions,  o r  shape e r r o r s ;  the repeatable e r r o r s  being of little 
significance to end accuracy provided they a r e  known. 

Due to  the nature  of the mater ia l  used in the element ,  smal l  loads and distortion 

and ,  in  the open configuration, has  a torsional rigidity-in the order  of one ten-  

Repeatable E r r o r s  

11. 
and unloaded element is s t ra ight ,  within given tolerances (nominally t 1 .0  inch over a 
20-foot length). The non-linearit ies a r e  largely a function of the deviztjons in edge 
alignment,  mater ia l  uniformity,  and hea t - t rea t  uniformity, and a r e  repeatable within 
the fatigue and relaxation limits of the t reated mater ia l .  

Broadly speaking, the natural  lengthwise shape of a fully formed,  unsupported, 

12. 
of additional f ac to r s  which tend to  d is tor t  the natural shape. Where the element departs  
the take-off r o l l e r ,  it begins to 'p loy ' ,  and introduces a curvature  in  the shape with 
r e spec t  to the axis  through the guidance mechanism. In tu rn ,  the guidance mechanism 
invariably d is tor t s  the natural  'ploy' shape; but ,  assuming the action of the guidance 
mechanism to be  constant,  then this effect  may be considered repeatable .  The curvature  
in  the element  disappears  a few fee t  out fro; the uni t ,  leaving an offset and angular 
change in  direct ion relat ive to the axis  through the guidance mechanism.  This change 
in  direct ion is repeatable;  t he re fo re ,  the factor  may be pre-determined,  and a n  

When mounted in  the boom unit ,  the element is then subjected to  a collection 
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allowance made when establishing the attitude of the boom unit mounting in the c a r r i e r -  
vehicle, 

13. 
distortions that a r e  fed in by the element edge guides. Additionally, the boom is clamped 
at  both ends and possesses  small  internal loads introduced by the screws  and thrust  
faces employed. It is obvious, therefore ,  that because of the multiplication effect of 
shear loads,  any small  distortion of short  segments will produce la rge  distortions of 
the total boom. For  example,  i t  is possible for a 0.001 -inch misalignment a t  the end 
plug to resul t  i n  a 5.5-degree twist a t  the t ip ,  relative to the base .  However,  these 
e r r o r s  a r e  repeatable,  if the input distortions a r e  constant. 

Another cause of devi’ation f rom the natural shape i s  found in  the shear  

Non-Repeatable E r r o r s  

14. 
guidance of the boom. 

15. 
element will introduce a random e r r o r  that is dependent upon the loading and speed his tory 
of the extension. 

Non-repeatable e r r o r s  a r e  due almost entirely to tolerance problems in  the 

The random friction encountered in the overlapped c r o s s  section of the normal  

16. 
random load originated by a cable pack during extension 
or  loading induced by the extension process .  

Another variable loading, that is independent of the effects of boom guidance, is the 
and by the relaxation of any tension 

17. 
repeatability 
running s lack ,  or  other play,  can resul t  i n  a much multiplied e r r o r  in the final configuration. 
Mainly, the solution to this problem is one of producing s imple,  accura te ,  high-quality 
e quipme nt . 

F r o m  the foregoing s ta tements ,  it  can be said that the greatest  problem regarding 
l ies  in the play produced by tolerance build-ups. Any small  shift created by 

Element Material  Hysteresis  

18. 
is being worked below the elastic l imi t ,  and repeated cycling of s t r e s s  does not tend to pro-  
dace permanent  distortions in  the boom. 

In these booms,  mater ia l  hysteresis  is not a measurable  e r r o r  because the mater ia l  

19. 
condition for extended per iods,  a boom wil l  show very  l i t t le change in size or  shape. For  
instance,  af ter  being stored on a three-quarter  inch mandrel  f o r  two y e a r s ,  a one-half inch 
d iameter  boom of beryll ium copper showed an  increase in diameter of only 0.005 inch. 

By exper iment ,  it has also been found that,  after being stored in the fully strained 

Environmental Non-linearitie s 

20 .  
of external loads such as changes in satellite orientation in  orb i t ,  and thermal distortion 
due to solar  radiation. 

A problem that becomes more  important as boom length i s  increased,  i s  the input 

21. F o r  example,  because of the relatively high moment of iner t ia  of an extended 
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boom, any change in  satell i te rotation may produce la rge  bending moments at the root of the 
boom. A very  important investigation, therefore ,  i s  a n  analysis of the satellite rotational 
speed,  when the boom is first extended, and any subsequent change in  satell i te motion. 
The fact  that  a locally crippled boom will usually re-extend is of little consequence, when 
a tolerance has  been placed on the boom t ip  position. 

2 2 .  
manner t o  seek the ea r th ,  the boom will receive varying amounts of so la r  radiation f rom 
a constantly changing direction. As the sun warms one side of the boom, a thermal  
gradient i s  set up to balance the heat flux through the tube. This thermal  gradient causes  
the element mater ia l  to expand o r  contract  locally, introducing a measureable  distortion 
into the boom natural  shape. The non-symmetrical  nature of the tube c r o s s  section will 
make these distortions unpredictable i f  a plane of symmetry is not oriented exactly to the 
direction of radiation. 

Moreover ,  when the boom i s  extended f rom a satellite that is stabil ized in  some 

THE DATUM 

2 3 .  
of sys tems designed for use  i n  space ,  i t  is difficult to simulate on ear th  the zero  'g' and 
vacuum conditions under which the sys tem will eventually operate .  However,  the Special 
Products and Applied Research  Division of de Havilland has spent considerable t ime and 
effor t  in  the study of mechanisms that will  approximate these fac tors .  

2 4 .  
pract ice  alone gives a zero res t ra in t  condition in the horizontal plane,  if  the floats do not 
approach the s ides  of the tank where surface tension effects a r e  measurable .  When t e s t s  
a r e  done i n  two orthogonal planes,  a f i r s t  approximation to the antenna shape can be  made.  
It can be appreciated,  however,  that if  the antenna possesses  a natural  curvature  in the 
ver t ical  plane,  the sys tem of floats will r e s t r a in  the shape unnaturally in  this plane. This 
unnatural  r e s t r a in t  affects  the shape in  the orthogonal plane,  because of the low torsional 
stiffness of the boom. Therefore ,  whereas  the restraint  in the horizontal plane i s  of a 
very  low va lue ,  the res t ra in t  in  the ver t ical  and torsional planes i s  inadequate with this 
system. 

Repeatability has  no meaning without a datum o r  mean l ine ,  and ,  in  the case  

Originally,  booms were  extended on small  floats in  a la rge  water tank. This 

2 5 .  
of minus one- 'g '  
tr ibuted force  would be a pract ical  impossibil i ty,  and,  in  l i eu ,  a sys tem of d iscre te  sup-  
p r t s  at appi-oxirnaieiy five -foot intervais  was introduced. These supports compr ise  a flex- 
ible s t r ing  hung over a large diameter  pulley of low breakout friction. A counter-weight 
to  a five-foot segment of boom is attached to one end of the s t r ing;  a boom support  hoop to 
the o ther ;  t hus ,  only minimal res t ra in t  to the natural shape of the boom in the ver t ical  plane 
will be applied.  If the support hoop is hung in  a bear ing,  the boom wilr be f r ee  to rotate .  

Ideally,  the r e s t r a in t  i n  the ver t ical  plane should apply a distributed constant force 
to the boom, fo r  any deflection. In rea l i ty ,  the provision of such a d is -  

2 6 .  
balances to  support  the boom f ree ly  in  the vertical  plane,  and a rotatable support  to provide 
tors ional  f reedom.  A se r i e s  of readings must  be taken to provide a picture of the remaining 
r e s t r a in t  f r o m  breakout f r ic t ion.  F r o m  the median of these points,  an accurate  picture of 
the t rue  boom shape can be drawn.  

In summary ,  there  are floats to provide horizontal f reedom,  a sys tem of counter- 

Repeatabil i ty Tes t s  

2 7 .  T e s t s  ca r r i ed  out on two booms have shown repeatability to be  of a high o r d e r .  
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28. A simple float support system was employed to tes t  a one-half inch diameter  
boom of beryll ium copper.  The purpose was to determine positional, but not to rs iona l ,  
e r r o r .  Over eight extensions,  the total position e r r o r  spread was three-eighths of an  
inch at 30 fee t ,  o r  approximately plus or  minus 3 minutes of a r c .  

29. 
( s e e  Figures  9 and 10).  On an  average of 50 points, the positional standard deviation was 
approximately plus or minus one-eighth of an inch at 20 feet; the torsional standard 
deviation was approximately plus or  minus one and one-half degrees .  

A slightly more  sophisticated sys tem was employed in  the t e s t s  of an A-26 boom 

MATERIALS AND MATERIAL PROPERTIES 

30. 
used high-strength mater ia l s .  Some mater ia ls  worthy of investigation a r e  beryll ium 
copper ,  cer ta in  high carbon' s t ee l s ,  the 300-series s ta inless  s teels  , and cer ta in  t i tanium 
alloys.  Of the above fami l ies ,  only two a r e  totally non-magnetic. The high carbon s tee ls  
a r e  very  magnetic,  and the 300-ser ies  of stainless s teels  have magnetic propert ies  that 
increase  with increasing mechanical strength.  Neither beryll ium copper nor t i tanium 
alloy a r e  magnetic; therefore ,  both would be satisfactory mater ia ls  for magnetometer 
boom e lements .  

The par t icular  requirements  of STEM elements eliminate many of the commonly 

31. 
The use of titanium alloy is under investigation; this mater ia l  could be a possible choice 
fo r  a second-generation boom system. A table of c r i t i ca l  propert ies  of boom mater ia l  
is provided in  Figure 3.  The following section describing performance will indicate 
those material propert ies  which a r e  of importance in  boom design. 

At the present  t ime beryll ium copper is the only proven element mater ia l .  

MATERIAL 

Yield Strength 
(1000 psi)  

E Transve r se  
(ps i  x 10-6) 

E Long 
(ps i  x 10-6) 

1.1 Poisson  
Ratio 

Elec t r ica l  
Conductivity 
(70 Annealed Cu) 

Beryll ium A Typical 
Copper High Carbon 

Steel 

180 190 

19 30 

18 30 

0.30 0.33 

16% 7 .2% 

Typical Titanium 
Stainle s s Alloy 

320 2 10 

35.6 

39.2 

0.33 

16 

16 

0.304 

2.4% 2.1% 

Figure 3. Cr i t ica l  Propert ies  of Boom Material. (Continued overleaf) 
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Figure 3 .  (cont'd) 

Thermal  
Conductivity 
(BTU/hr  f t  OF) 

Corrosion 
Resis tance 

Magnetic 
Proper t ies  

Density 
(LB /IN3) 

MATERIAL 

Beryl l ium A Typical Typical Titanium 
Copper High Carbon Stainless Alloy 

Steel 

9 @ 70°F 4 @ 70°F 
44 10 (approx) 12 @ 5000F 8.2 @ 400°F 

very  good poor good very  good 

none high slight none 

.298 . 2  86 .286 .175 

Figure 3 .  Crit ical  Propert ies  of Boom Material .  

PERFORMANCE 

Glos s a r v  of Performance Values 

A 

B 

db 

CdP 

n 
Y 

EL 

E T  

F 
Y 

IO 

k 

Area  of payload 

Constant 

Drag coefficient of boom 

Drag coefficient of payload 

Young's modulus in a longitudinal direction 

Young's modulus tangential to direction of rolling 

Yield s t r e s s  

Acceleration of gravity 

Polar  moment of iner t ia  of satell i te with booms 
retracted 

Overlap factor = 1 t P, 
360° 

(Continued overleaf) 
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Glossary of Performance Values (cont'd) 

K 

L 

m 

Mb 

MP 

R 

t 

V 

V 

W 

wb 

W 
' P  

wS 

X 

a 

b' 
8 

P 

Emperical  constant 

Boom length 

Mass = W / g  

Bending moment 

Mass of payload 

Distance of boom root f r o m  centre  of rotation 

Str ip  thic knes s 

Boom extension velocity 

Wind velocity 

Str ip  width 

Boom weight 

Payload weight 

Boom weight/linear foot 

Distance from boom root to element 

Angular acceleration 

Overlap fit constant 

Tilt angle f rom normal  

Poisson 's  ratio 

Air density - m a s s / c u  lb.  

Boom material  density - mass /cu f t .  

Boom density - mass / l inear foot 

Angle of boom overlap - degrees  

Angular velocity 

APPLIED LOADING 
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failure is usually due to buckling, the loads will be expressed as root bending moments.  

(a) TILT LOADS 

M,, = L W ~  s i n  e + p b  2 L~ t w sin 8 

s i n e ) +  Pb.L2.t .w. ( , s i n e )  
= L m p  (3  2 

(b) ANGULAR ACCELERATION LOADS 

Mb = mp d L(L+R)+ o( ps LZ(%+B) 
2 

( c )  WIND LOADS 

Mb = & v 2 ( C d b d L 2 + C d p A L )  
2 

(d) DESPIN LOADS - No Payload 

where B = 0.367 
B = 0.231 
B ' =  0.173 
B = 0.146 

n = 2  
n = 4  
n = 6  
n = 8  

1 

i ALLOWABLE BENDING MOMENT 

33. 
following formula is t rue  if  K is experimentally determined for a particular geometry: 

This s t r e s s  analysis of the allowable boom bending moment will assume that the 

KE,Dt2 Mh = 
2 (i -PAlij 

o r  fo r  n tubes with overlap 

Mb = K E L D t Z n r  where is another experimental 

2 (1 - k 2 )  factor depending on overlap.  

The diameter to which the s t r i p  material  can be bent or  the diameter  f r o m  
which i t  can  be straightened, follows the flexure formula: 

where F max = the maximum 
allowable s t r e s s  = 
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Thus Mb = K E ~  'T . tZ 
2 Fm,, (1-p2) 

- - - . - .  2 K  E L  Fy .D3 
9 ET2 (1-p') 

It is to  be noted that the value of K in  the above formula var ies  with the angle 
f r o m  the 'open' segment.  

BOOM OPTIMIZATION 

34 *. If minimum weight for a given boom strength i s  a design requirement we may 
rear range  the formula using W = k TI' D .  The weight per foot of an element i s  given by: 

- 1  
.*.Ws = 3.. k . Pb.D2 

3 ET 
thus 

r- 1----1- 

.- - l h e  optimum boom wiii have a large yield atre;;gth, the n a ~ i r x z r ~  n r a r t i r a l  

diameter  and the minimum overlap to strength ratio possible. 

GRAPHS 

3 5 .  Figures  4 to 8 a r e  presented as an introduction to the strength capabilities 
of STEM devices .  Str ip  width is used a s  a reference for the f i r s t  four c u r v e s ,  since it 
determines the basic  s ize  of the boom unit ,  The assumptions and limitations used in 
presenting these f igures  a r e  a s  follows: 

(a) FIGURE 4 - TUBE DIAMETER vs STRIP WIDTH 
The variable for this f igure is the tube overlap in 
degrees .  S t r ip  thickness i s  sucfi a s  mater ia l  p ro-  
per t ies  will allow. 
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Figure 4. Tube Diameter vs Str ip  Width. 
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Figure 5. Maximum S t r i p  Thickness vs Str ip  Width. 
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0 1 2  3 4 5 6  7 8 9 1 0 1 l I 2  
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F i g u r e  6 .  Boom Weigh t  vs Strip Wid th .  
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Figure 7. Maximum Bending Moment vs Str ip  Width. 
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FIGURE 5 - MAXIMUM STRIP THICKNESS vs STRIP WIDTH 
This figure assumes  a 50% reve r se  factor on the mater ia l  
yield strength using: 

t 2 F Y  - = - . -  
. D  ET 

FIGURE 6 - BOOM WEIGHT vs STRIP WIDTH 
This curve a s sumes  the maximum allowable s t r ip  thickness 
f rom Figure 5 .  

FIGURE 7 - MAXIMUM BENDING MOMENT vs STRIP WIDTH 
This curve a s sumes  the maximum allowable thickness f rom 
Figure 5 and a 

M b  

This value of K 

value of K = 0 .68  in the formula: 

KE, Dt2 
=- 

i s  approximately t rue for 180' overlap and 
boom lengths of 10 to 15 feet  i f  ploy'support i s  assumed 
9070 efficient. 
of magnitude for boom s t rengths ,  and strength-to-weight 
ra t ios .  

The first two curves will give only an order  

FIGURE 8 - MINIMUM BOOM WEIGHT vs BENDING MOMENT 
This curve a s sumes  maximum s t r ip  thickness f r o m  Figure 5 
and maximum bending moment f rom Figure 7 .  Using Figures  7 
and 8 and working back to Figure 4 ,  a fir s t  approximation a s  to 
boom s ize  can be made. 

EXAMPLE 

- Boom Length 15 Feet 

Maximum Bending Moment Applied - 500 in. lb .  

F r o m  Figure  8 ,  the minimum element weight would be  
9 . 3  lb/100 f t .  for  the titanium alloy and 11.7 lb/100 f t .  
for the s ta inless  s teel .  

F r o m  Figure 7 the s t r ip  width would be  4 .8  In. for the 
titanium alloy and 5 .6  in. for the s ta inless  s tee l .  These 
widths should be rounded out to: 

Titanium alloy - 5 . 0  in .  wide 

Stainless s teel  - 6 . 0  in .  wide 

F r o m  Figure 6 the maximum boam weight at these rounded 
out widths would be for titanium alloy Wb = 9 . 9  l b /  100 ft . 
and for  s ta inless  s tee l  Wb = 13.7 lb/100 f t .  

AII. 16 



DHC -SP-R48 

N O T  R E P R O D U C I B L E  
, 

Figure  9 .  A-26 Extendible Boom Unit (Side View) 

F igu re  10. A - 2 6  Extendible Boom Unit (Underneath View). 

1 
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F r o m  Figure 4 we have the boom diameter for 180' overlap,  
the assumed configuration in the above curves  a s  1.06-inch 
diameter for  the 5.-inch wide s t r ip ,  and 1.27-inch diameter  
for the 6-inch wide s ta inless  s t r ip .  

Therefore ,  the choosing of stainless s teel  a s  a s ta te-of- the-ar t  
mater ia l ,  resu l t s  in the following: 

Boom Material  Stainless Steel 

Str ip  Width - 6 .0  in .  

Str ip  Thickness 0.006 in .  

- Boom Diameter 1 . 2 5  in .  

- 1.95  lb .  Boom Weight 

E N D  
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